Introduction {#s0005}
============

Small RNAs (sRNAs) have emerged as important factors in the regulation of gene expression, which are involved in transcriptional gene silencing (TGS) and post-transcriptional gene silencing (PTGS) through inactivation, degradation or translational repression of mRNAs [@b0005; @b0010]. One of the best known types of plant sRNAs is microRNAs (miRNAs). miRNAs originate from nuclear genomic loci and are transcribed by RNA polymerase II as primary miRNAs (pri-miRNAs), which are processed by Dicer like-1 (DCL1) to form mature miRNAs (21 nt) [@b0005; @b0010]. The mature miRNAs are then incorporated into an RNA-induced silencing complex (RISC), where they guide the degradation of complementary mRNAs [@b0005; @b0010].

Alternatively, miRNAs can target other non-coding RNAs (ncRNAs) to generate a type of plant-specific small interfering RNAs called *trans-*acting small interfering RNAs (ta-siRNAs) [@b0015; @b0020]. ta-siRNA loci (*TAS*) are transcribed from nuclear genes and then recognized and cleaved by Argonaute (AGO)-containing RNA-induced silencing complex (RISC) coupled with particular miRNAs [@b0015; @b0020]. The cleaved products are then used by an RNA-dependent RNA polymerase (RDR6) to produce double-stranded RNAs (dsRNAs), which are sequentially cleaved by DCL proteins to produce phased, ∼20--24 nt ta-siRNAs [@b0015; @b0020]. These ta-siRNAs function similarly to miRNAs by targeting complementary genes and initiating their degradation or translation arrest [@b0015; @b0020]. Each *TAS* is cleaved by one or two miRNAs, producing several ta-siRNAs in phase and resulting in an amplified signal that silences several target molecules [@b0015; @b0020]. To date, 8 *TAS* loci have been identified and validated in *Arabidopsis*. These loci are grouped into 4 families, *TAS1--4*, each with a distinct biogenesis and function. The *TAS1* family is comprised of 3 highly similar genes that target 5 transcripts with unknown function [@b0015; @b0020]. The *TAS2* family contains ta-siRNAs that target mRNAs coding for pentatricopeptide repeat (PPR) proteins [@b0020]. The cleavage of both *TAS1* and *TAS2* transcripts is directed by miR-173 in conjunction with AGO1 [@b0015; @b0025]. *TAS3* is highly conserved in plants, including monocots and dicots, and cleaved through the combined action of miR-390 and AGO7 [@b0030; @b0035; @b0040], producing ta-siRNAs that target auxin-responsive factors (ARF) [@b0030; @b0035; @b0040]. *TAS3*, its targets (ARF2--4) and miR-390 are involved in a self-regulatory loop, controlling lateral root growth [@b0045; @b0050]. In this loop, the ta-siRNAs produced from *TAS3* inhibit the expression of ARF2/3/4, ARF4 prevents miR-390 accumulation [@b0045; @b0050], while ARF3 up-regulates miR-390 accumulation in response to auxin [@b0045; @b0050]. The cleavage of *TAS*4 is triggered by miR-828, producing a series of ta-siRNAs that target several MYB transcription factors including PAP1, PAP2 and MYB113 [@b0055; @b0060].

In addition to miRNAs and ta-siRNAs, there are other gene-silencing mechanisms involving sRNAs, such as nat-siRNAs from natural antisense transcripts (NATs), which are pairs of endogenous coding or non-coding RNAs with perfect complementarity to each other [@b0065]. There are two classes of nat-siRNAs: *cis* and *trans*. The former are derived from NATs located in the opposite strand of the same genomic locus. They originate when both transcripts in the NAT-pair are simultaneously transcribed, and their complementary regions match up forming a dsRNA, which is employed as a template to produce siRNAs [@b0070]. The siRNA processing is dependent on DCL1 and/or DCL3, the siRNAs are predominantly produced from only one of the transcripts and they direct the cleavage of the transcript produced in the opposite strand. In this manner the transcripts involved in the *cis-*NAT pair are reciprocally regulated [@b0075]. On the other hand, *trans*-nat-siRNAs arise from two overlapping transcripts that are located in different loci, and are processed in a similar manner as *cis*-nat-siRNAs [@b0065].

The functions of ta-siRNA and *cis*-nat-siRNAs are largely unknown. However, some aspects of their overall importance in various plant processes have been established. A crucial role for ta-siRNAs has been reported for example in pollen maturation [@b0080], in response to low temperature [@b0085] and hypoxia [@b0090]. Likewise, *cis*-nat-siRNAs play an important role in regulating the expression of the genes from which they arise; that is, if one of the genes is induced, the other is repressed [@b0070]. This phenomenon has been observed in a wide variety of gene pairs with various functions [@b0070]. For example, it has been shown in *Arabidopsis* that a sperm-specific *cis*-NAT pair, formed by KPL and its inversely transcribed gene ARIADNE14, is regulated by nat-siRNAs, which is required for the fertilization process. In the absence of KPL, no nat-siRNAs are produced, resulting in the induced regulation of ARIADNE14 RNA, increasing its levels and in consequence inhibiting fertilization [@b0095].

While, some plant miRNAs have been found to have a direct role in defense against bacteria, fewer studies have focused on the role of ta-siRNAs or *cis*-nat-siRNAs. It is known, for example, that upon microbe-associated molecular pattern (MAMP)-triggered immunity (MTI), miR-393 is induced after recognition of the MAMP flagelin by the FLS2 receptor, which consequently targets ARFs and disrupts auxin signaling [@b0100]. Additionally, other miRNA families also contribute to antibacterial defense by modulating hormonal responses [@b0105; @b0110].

There are, however, some indications that ta-siRNAs and nat-siRNAs may also be important for antibacterial defense. It was shown that miRNAs could target the tobacco *N* resistance gene and produce ta-siRNAs [@b0115]. In addition, several ta-siRNAs target and regulate the expression of multiple NB-LRR-coding resistance genes in legumes during their interaction with *Rhizobium* [@b0120]. On the other hand, siRNAs derived from a *cis*-NAT locus are induced in *Arabidopsis* in response to the effector AvrRpt2 from *Pseudomonas syringae* pv. tomato DC3000 [@b0125].

Cassava (*Manihot esculenta*) is a staple crop that represents the main source of carbohydrates for more than 600 million people worldwide. Cassava starch also has a high potential for bioethanol production. Cassava is grown mainly by farmers in marginal areas of South America, Africa and Asia, where its production is severely affected by the bacterium *Xanthomonas axonopodis* pv. manihotis (*Xam*) [@b0130]. Previously, we reported the identification of cassava miRNAs that were induced or repressed after inoculation with *Xam* through the sequencing of sRNA libraries [@b0135]. Here, we expand our study on bacterial response of cassava by examining the function of small ncRNAs through identification of differentially expressed ta-siRNA and *cis*-nat-siRNAs.

Results {#s0010}
=======

Identification of conserved ta-siRNAs in cassava {#s0015}
------------------------------------------------

With the aims of establishing a set of parameters suitable for ta-siRNA prediction, the expression profiles of known *Arabidopsis TAS* loci and their conserved counterparts in cassava were analyzed.

We used the reported *Arabidopsis TAS* sequences as a query to screen the cassava genome for loci that have a similar sequence and are also predicted to have miRNA cleavage sites. Only one locus showed high similarity to an *Arabidopsis* locus: *TAS3*. The overall nucleotide identity was 54% over the length of the *Arabidopsis* locus and the location of this conserved *TAS* in the latest version of the cassava genome was scaffold00708:185488,185707. From now on, this sequence is referred to as *CassTAS3*. In this locus, two recognition sites for cassava miR-390 homologs were identified: CassmiR-390a and CassmiR-390b (miRNA annotation as presented in [@b0135]). This finding was in agreement with the predicted cleavage sites for *TAS3* family members in other plant species [@b0015]. Aligned reads to the cassava genome in the *CassTAS3* locus showed the presence of abundant phased sRNAs approximately 21 nt long in the region between the two predicted cleavage sites for miR-390 ([Figure 1](#f0005){ref-type="fig"}). Similar expression profiles were obtained for the *Arabidopsis TAS* loci (including *TAS3*), when sRNA reads from available libraries (16 in total) were aligned against the *Arabidopsis* genome ([Figure 1](#f0005){ref-type="fig"}). These data suggest that a *TAS3* homolog exists in cassava and that it is transcribed and processed in a similar manner as in *Arabidopsis*.

Identification of novel ta-siRNAs in cassava {#s0020}
--------------------------------------------

Based on these findings, a methodology was designed to identify novel *TAS* loci producing phased sRNAs, relying on expression profiles and the presence of miRNA cleavage sites. For this, reads from the cassava sRNA library were mapped to the cassava genome. The mapping results were screened using a 500-nt sliding window, to identify genomic regions where ⩾3 different mapped positions were found for sRNA reads, and where each mapped position was separated from the next one by \<24 nt (suggesting a possible phased locus). Regions with these characteristics were retained as candidate phased siRNA loci, delimited from 50 nt downstream of the first mapped position to 50 nt upstream of the last mapped position. Regions mapped to known coding regions were eliminated. Then cleavage sites for cassava miRNAs were predicted in these candidate loci. In total, 239 candidate loci contained predicted binding sites for cassava miRNAs and produced phased sRNAs, these were kept as putative ta-siRNAs. Notably, 38 (16%) of these loci had putative cleavage sites for miR-156 and 12 (5%) loci have cleavage sites for miR-393. The process of ta-siRNA prediction is summarized in Figure S1.

To validate that these putative ta-siRNAs were independent transcriptional units producing sRNAs, mapping results were analyzed to identify sRNA enrichment in the candidate *TAS* loci. For this, reads from the sRNA libraries were mapped onto the candidate loci and their neighboring region (2 locus length upstream and downstream). The ratio of the expression between the candidate ta-siRNA and its neighboring region (candidate ta-siRNA/neighboring region) was calculated. The threshold for sRNA enrichment using this expression ratio was set as 4, according to the mapping results from Cass*TAS*3 and the *Arabidopsis TAS* loci. Out of 239 loci, 53 showed the expression ratio \>4, indicating an enrichment of siRNA in these loci (Figure S2). These were considered putative cassava ta-siRNAs and are named Cass_tas01 to Cass-tas053 (Table S1).

Positive and negative controls for ta-siRNA identification {#s0025}
----------------------------------------------------------

As a positive control, the same methodology was implemented in *Arabidopsis*, using sequences from the 16 sRNA libraries available. These analyses allowed the identification of 1020 candidate phased loci. Among them, 35 candidates had predicted target sites for *Arabidopsis* miRNAs including 8 ta-siRNAs reported for this species and other 27 loci (Table S2). These additional loci could be false positives but could also be previously unidentified *bona-fide* ta-siRNAs, and will thus be analyzed in subsequent works.

Additionally, two strategies were devised as negative controls to assess the impact of two possible sources of error using the data from *Arabidopsis.* First, it is possible that the phased loci found could be the result of random or unspecific mapping of sRNA reads to some genomic regions. To address this possibility, the sRNA sequences from the set of 16 libraries from *Arabidopsis* were shuffled and re-mapped to the *Arabidopsis* genome, the mapping results were analyzed to look for candidate phased loci using the same criteria mentioned above. Our results showed that none of the regions mapped with shuffled reads satisfied these criteria, and more importantly, the procedure was repeated 10 times (10 sets of shuffled reads) and we got the same result. Therefore, obtaining a phased locus from random mapping seems unlikely. Second, it is possible that the prediction of cleavage sites for miRNAs in the candidate phased loci may be due to fortuitous sequence complementarity. To address this possibility, 100 sets of shuffled miRNA sequences were generated from the set of *Arabidopsis* miRNAs and target predictions were performed against the set of candidate phased loci. As a result, some associations between random miRNAs and candidate *TAS* loci were predicted but were always fewer than those predicted with the original miRNA set. An average of 8 out of 1020 *TAS* candidates (min 3, max 11) were predicted as targets for random miRNAs, compared to 35 candidates with the original *Arabidopsis* miRNAs. Similar results were obtained when random miRNA sequences were generated from cassava miRNAs and screened against candidate cassava *TAS* loci. This indicates that chance miRNA-*TAS* loci associations may occur albeit with low frequency, thus experimental validation for miRNA cleavage is eventually needed for the *TAS* candidate loci presented in this work.

ta-siRNA expression in response to bacterial infection in cassava {#s0030}
-----------------------------------------------------------------

To determine whether the candidate cassava ta-siRNAs are involved in responses to the bacteria *Xam*, the expression of cassava ta-siRNAs in the inoculated library was calculated (as normalized number of reads) and compared to that of the non-inoculated library. Expression of 13 ta-siRNAs was found to be repressed (log2fold change (FC)\<−2, inoculated/non-inoculated) in response to the bacteria, while expression of 3 ta-siRNAs was induced (log2FC \> 2) (Figure S3). The loci with the most repressed expression were Cass-tas31, Cass-tas28 and Cass-tas15 ([Figure 2](#f0050){ref-type="fig"}) and the loci with the most induced expression were Cass-tas42 and Cass-tas02 ([Figure 3](#f0015){ref-type="fig"}).

To identify the possible ta-siRNAs targets, sRNA reads derived from the identified *TAS* loci were screened against cassava genes using psRNATarget [@b0140]. The targets of most of the ta-siRNAs were genes encoding proteins with an unknown function (32%) (Figure S4), which is consistent with previous studies [@b0145]. A considerable number of ta-siRNA targets were proteins with LRR domains (17%), which are common in defense-related proteins [@b0150], and PPR proteins (10%), which are known to be targets of other ta-siRNAs [@b0155]. The conserved locus *CassTAS3* was predicted to target ARFs, as has been reported and validated previously [@b0160].

Identification of *cis*-nat-siRNAs in cassava {#s0035}
---------------------------------------------

Cassava genes were reciprocally aligned to find complementary (sense-antisense) regions. A total of 3000 gene pairs were identified with these characteristics (NATs). Of these, 128 genes were located in overlapping genomic regions and thus identified as *cis*-NAT loci. The expression of the genes involved in the NAT pair was verified by aligning them to a set of cassava ESTs.

To determine whether these loci were enriched in siRNAs, the profile of mapped reads against these genomic regions was analyzed. If *cis-*nat-siRNAs were produced from these loci, it is expected to find more mapped sRNA reads in the overlapping region of the NAT pair than in the coding regions of either gene, and ideally the mapped reads should come predominantly from one of the strands. Accordingly, the expression of sRNAs in the overlapping region of the complementary genes was compared to that of the non-overlapping region of the genes. Based on results obtained in *Arabidopsis* and *rice* [@b0075], a threshold of 4 was established for the expression ratio (overlapping/non-overlapping) as a conservative parameter. 15 *cis*-NAT pairs showed sRNA enrichment in the overlapping region, suggesting the production of *cis*-nat-siRNAs ([Figure 4](#f0020){ref-type="fig"})*.* These loci were named as Cass\_*cis*-nat01 to Cass\_*cis*-nat15, respectively (Table S3). Among them, 13 of these loci showed strand bias (log~2~fold (sense/antisense) \> \|1\|) in the production of sRNAs in at least one of the libraries. The annotated possible functions of the gene pairs involved in the *cis*-NAT loci in most cases corresponded to unrelated physiological or molecular processes. For example, Cass\_*cis*-nat04 comprises the overlapping region between an Early Responsive to Dehydration 15 (ERD15) and a metal ion binding protein, with yet-unknown roles in cassava, but regulation of these genes by production of *cis-*nat-siRNAs may nonetheless be relevant in various physiological processes.

As with the *TAS* data, a strategy was devised to assess the possibility that sequences could map to these regions at random, the sequences of the cassava sRNA libraries were shuffled and mapped onto the genome. We found that no random sequences mapped to the overlapping region in *cis*-NAT pairs, the procedure was repeated 10 times, which produced the same results.

The gene expression ratio between the sense and antisense genes under both conditions (inoculated and non-inoculated) was also compared (Figure S5). Expression patterns for 6 *cis*-NAT candidates did not show a significant change. On the other hand, expression of 9 NAT candidates, including Cass\_*cis*-nat04, showed sharp changes in response to *Xam*. In response to the bacteria, there is a larger production of sRNAs coming from the strand corresponding to the ERD15, which presumably silences the metal ion binding gene in the antisense strand. The relevance of this type of silencing to the plant-bacteria interaction remains to be studied.

Discussion {#s0040}
==========

In this work, we have identified 54 cassava ta-siRNAs and found that expression of 3 ta-siRNAs was induced in response to bacterial infection, while expression of 13 ta-siRNAs was repressed. The targets of these ta-siRNAs comprised a diverse group of genes including ARFs.

To date, repertories of predicted ta-siRNAs or ta-siRNAs derived from direct sequencing have been reported for a limited number of plants, including *Arabidopsis* [@b0030], rice [@b0145], cotton [@b0165], melon [@b0170], legumes [@b0120] and mosses [@b0175]. The number of candidate ta-siRNAs identified in this study is significantly higher than the number of relatively well-known ta-siRNAs reported in *Arabidopsis*, which contains 8 ta-siRNA loci grouped in 4 classes (*TAS1* to *TAS4*). However, *TAS* loci may be underrepresented in *Arabidopsis*, given that hundreds of phased sRNAs have been reported in other species [@b0145]. In this work, while validating the search strategy for ta-siRNAs, we found 25 possible new *TAS* loci from *Arabidopsis* which will be the subject of further studies. These results suggest that plants contain a larger repertoire of ta-siRNAs than initially anticipated and that this pathway is an important regulatory circuit for amplifying gene silencing.

Some ta-siRNAs are known to be involved in abiotic stress response [@b0085; @b0090] or in developmental processes [@b0080]. In this study, the importance of certain ta-siRNAs in antibacterial defense is highlighted through the analysis of their expression in response to *Xam*. In our previous study, we reported that expression of several ARF-targeting miRNAs is induced in cassava in response to *Xam* [@b0135]. In this work, *CassTAS*3, which is processed by the *Xam*-induced miR-390, was also found targeting ARFs, although the locus expression was not significantly increased. It has been reported that auxin signaling is repressed in plants in response to pathogens to restrict their growth [@b0100]. Disruption of auxin signaling is an important mechanism for broad-spectrum resistance, given that pathogens secrete auxins during infection to render a plant vulnerable by loosening its cell wall [@b0180].

Recently, it was shown that miRNAs are directed against transcripts of the NB-LRR immune receptor family and trigger the production of phased secondary siRNAs in tobacco and other Solanaceae species [@b0115]. In particular, resistance gene *N*, which is responsible for tobacco's resistance to TMV, is targeted by phased siRNAs and co-expression of gene *N* and phased siRNAs compromises resistance [@b0115]. Also in the case of *Rhizobium*, several miRNAs and ta-siRNAs are induced to target NB-LRR genes, blocking the immune response and probably facilitating symbiotic interactions [@b0120]. In this study, the targets of cassava ta-siRNAs in response to *Xam* are particularly enriched in genes encoding LRR-containing proteins. This finding suggests a possible role for ta-siRNAs in triggering the immune response to bacteria in cassava.

In this work, 15 *cis*-NAT loci producing siRNAs were also identified, and at least 9 of these showed changes in siRNA production in response to bacteria, and even in some cases the production of siRNAs shifted from one strand to the other upon infection. The expression profiles of sRNA reads in these loci were of different nature, but the sRNAs were predominantly restricted to discrete sites in the overlapping region in the NAT pair. This phenomenon has also been observed in *Arabidopsis* and rice, which is believed to be due primarily to processing by DCL1 [@b0075]. The functions of the gene pairs involved in the *cis*-NAT loci were often unrelated to plant defense and the outcome of the siRNA-mediated regulation of these genes for defense is hard to assess.

The identification of ta-siRNAs and *cis*-nat-siRNAs and their potential targets during cassava-*Xam* interactions contributes to our understanding of sRNA function and, in particular, of plant immune responses and represents a great contribution to the genomics of cassava, a plant with a recently sequenced genome where only few functional features are known. However there is still a lot of work to be done to assess the effect of sRNA regulation in response to bacteria. These results still need to be compared with transcriptome data and other experimental methods for further validation.

Materials and methods {#s0045}
=====================

Datasets {#s0050}
--------

For *Arabidopsis thaliana* analyses, the genome sequence and *TAS* loci sequence, including [AT2G27400](tair:AT2G27400){#ir0020}, [AT1G50055](tair:AT1G50055){#ir0025}, [AT2G39675](tair:AT2G39675){#ir0030}, [AT2G39681](tair:AT2G39681){#ir0035}, [AT3G17185](tair:AT3G17185){#ir0040}, [AT5G49615](tair:AT5G49615){#ir0045} and [AT3G25795](tair:AT3G25795){#ir0050}, were obtained from TAIR [@b0185]. Sequences of known miRNAs were obtained from miRBase [@b0190]. Available sRNA sequence libraries were obtained from the Gene Expression Omnibus (GEO) database at NCBI. These include [GSM424742](ncbi-geo:GSM424742){#ir0055}, [GSM491572](ncbi-geo:GSM491572){#ir0060}, [GSM491573](ncbi-geo:GSM491573){#ir0065}, [GSM491574](ncbi-geo:GSM491574){#ir0070}, [GSM491575](ncbi-geo:GSM491575){#ir0075}, [GSM491576](ncbi-geo:GSM491576){#ir0080}, [GSM491577](ncbi-geo:GSM491577){#ir0085}, [GSM491578](ncbi-geo:GSM491578){#ir0090}, [GSM491579](ncbi-geo:GSM491579){#ir0095}, [GSM424743](ncbi-geo:GSM424743){#ir0100}, [GSM512702](ncbi-geo:GSM512702){#ir0105}, [GSM512703](ncbi-geo:GSM512703){#ir0110}, [GSM491567](ncbi-geo:GSM491567){#ir0115}, [GSM491568](ncbi-geo:GSM491568){#ir0120}, [GSM491569](ncbi-geo:GSM491569){#ir0125}, [GSM491570](ncbi-geo:GSM491570){#ir0130} and [GSM491571](ncbi-geo:GSM491571){#ir0135}.

For cassava analyses, two sRNA libraries were used ([GSE29379](ncbi-geo:GSE29379){#ir0140}), which have been fully described previously [@b0135]. Cassava miRNA sequences used were also described previously [@b0135]. Mappings were made using the latest version of the *M. esculenta* genome (Mesculenta_147) obtained from Phytozome (<http://www.phytozome.net/cassava>) and 81,726 ESTs available from NCBI's UniGene database (<http://www.ncbi.nlm.nih.gov/unigene>). Gene annotations for cassava were also obtained from the latest version of the *M. esculenta* genome from Phytozome (<http://www.phytozome.net/cassava>).

Identification of ta-siRNAs {#s0055}
---------------------------

To identify conserved ta-siRNAs, a blastn [@b0195] search (parameters e-value 0.05 max_target_seqs 5 -best_hit_score_edge 0.05 -best_hit_overhang 0.25) was conducted using the 8 reported and validated *A. thaliana* ta-siRNAs against the cassava genome. Candidate loci were screened for miRNA targets using psRNATarget with default parameters [@b0140]. Reads from cassava libraries were then mapped against the cassava genome using Bowtie [@b0200] (parameters -n 0 -m 10 -l 15) and the expression profile of the candidate ta-siRNA was analyzed. The criteria to consider a locus as a true conserved ta-siRNA were as follows: (i) it shares similarity to a known *Arabidopsis* ta-siRNA with a maximum E-value of 0.001 and no gaps, and (ii) it shares a cleavage site for an miRNA that is homologous to a known site in *Arabidopsis*. Similar criteria were also implemented for *de novo* identification of ta-siRNAs. It was hypothesized that a ta-siRNA locus must (i) be enriched in phased reads from sRNA libraries, (ii) contain a predicted binding site for a known cassava miRNA near the locus, and (iii) correspond to a non-coding region of the genome.

Based on these criteria, a protocol was developed to identify novel ta-siRNA loci. For this, Bowtie mappings to non-coding regions of the genome (same parameters as above) were organized according to the mapped position. Using a sliding window of 500 nt, we looked for regions where at least 3 mapped positions for sRNA reads were found and where each mapped position was 24 nt (±2 nt) apart from each other. Non-coding regions with mapped phased-siRNAs were then used to search for binding sites of known miRNAs as described above. These analyses were made using in-house perl scripts, which is available upon request.

To determine whether a candidate ta-siRNA locus was enriched in sRNA reads, the Bowtie mappings were used to calculate the expression of sRNAs in the candidate locus and the neighboring region (2 times the length of the candidate locus upstream and downstream). The expression levels of the candidate locus and the neighboring regions were calculated as normalized reads (reads mapped/total reads length of region mapped). An expression ratio of candidate locus/neighboring region was calculated. Only candidate loci with a ratio \>4 were considered positive and further studied.

To determine differential expression of ta-siRNAs and to visually verify that siRNA were produced in phase, reads from each library were mapped against the candidate loci as described above. SAM files obtained from mapping were converted and visualized using SAMtools [@b0205] and BamView [@b0210].

All non-redundant reads mapping to a candidate ta-siRNA loci were used to screen for targets against annotated genes in the cassava genome. Target prediction was performed using psRNATarget with maximum E-value set as 5.0. This program is suitable to identify complementarity for different types of sRNAs [@b0140] and has been successfully used for ta-siRNA target prediction [@b0215].

Two strategies were used as negative controls with the *Arabidopsis* data. (1) 10 sets of random sRNA sequences were obtained by shuffling the sequences of the sRNA libraries using shuffleseq [@b0220] and were mapped against the *Arabidopsis* genome. The mapping results were analyzed to search for loci satisfying the criteria for phased sRNA enrichment mentioned above, the number of loci resulting for each set of random sequences was registered. (2) 100 sets of random miRNA sequences were generated by shuffling the set of *Arabidopsis* miRNAs or cassava miRNAs. These sequences were used to predict binding sites in candidate *TAS* loci using psRNATarget with default parameters [@b0140]. The number of *TAS* loci with predicted binding site was registered for each set and compared with the predictions with the original sets.

Identification of *cis*-nat-siRNAs {#s0060}
----------------------------------

Candidate *cis*-nat-siRNAs loci were selected using the following criteria: (i) there must be an overlapping antisense region between two genes in their coding regions and (ii) the complementary region between the two genes must be enriched in reads from sRNA libraries [@b0075]. Based on these criteria, a protocol was developed to identify *cis*-NAT loci in cassava. All cassava genes were mapped against all cassava antisense genes using BLASTN (parameters -strand minus e-value 0.05 max_target_seqs 5 -best_hit_score_edge 0.05 -best_hit_overhang 0.25) to find gene pairs with complementary regions between them. This mapping allows the identification of possible *trans*-NAT- and *cis*-NAT loci. However, due to the difficulties of assessing locus enrichment for *trans* interactions, only *cis* interactions were analyzed in this work. Gene pairs located in overlapping genomic regions were retained for further analysis.

To determine sRNA enrichment in candidate *cis*-NAT loci, reads from the cassava libraries were mapped onto the overlapping genomic regions of complementary gene pairs (*i.e.*, the candidate *cis*-NAT loci) and compared to neighboring non-overlapping regions. This mapping was made using Bowtie as described above [@b0200]. The sRNA density for the regions was established as number of read/length of region and the ratio of the sRNA densities in the overlapping (OR) region and non overlapping region (non-OR) was calculated [@b0075]. Only candidate loci with a OR/non-OR ratio \>4 were considered positive and further studied. Alignments were visualized as above. To determine co-regulation between gene pairs, the expression levels of the sense and antisense genes were obtained. Ratios were calculated for the inoculated and non-inoculated libraries.

For a negative control, the enrichment analysis described above was repeated using 10 sets of randomized sRNA sequences obtained using the program from the EMBOSS package shuffleseq [@b0220]. For each set, the number of reads mapped to the overlapping regions of the candidate *cis*-NAT loci was registered and compared with the mappings using non-randomized reads.
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Supplementary Figure 1Strategy for siRNA identification. (A) Strategy for ta-siRNA identification was applied to both the *Arabidopsis* and cassava genome. (B) Strategy for *cis*-nat-siRNA identification was applied to the cassava genome only.Supplementary Figure 2ta-siRNAs candidate regions with most expression in relation to neighbor region in cassava. Figure shows the expression ratios between the candidate ta-siRNA and its neighboring region (+/− 2 locus length), only 54 out of 239 candidate loci with expression ratio candidate ta-siRNA/neighboring region \>4 are shown. Expression ratios were obtained from normalized number of reads in *Xam-*inoculated and non-inoculated libraries.Supplementary Figure 3ta-siRNAs expression in cassava in response to *Xam*. The expression ratios between the *Xam-*inoculated and non-inoculated libraries are shown for the 54 candidate ta-siRNAs. Expression ratios were obtained from normalized number of reads in *Xam-*inoculated and non-inoculated libraries.Supplementary Figure 4Predicted ta-siRNA targets in cassava. Figure shows the proportion of targets whose expression is regulated by the siRNAs that are produced from the 54 candidate ta-siRNAs in cassava. The target prediction was performed with psRNATarget.Supplementary Figure 5Expression ratios of gene pairs located in *cis*-NAT loci. Expression ratios between sense and antisense genes are shown for both *Xam-*inoculated and non-inoculated plants. Expression ratios were obtained from normalized number of reads in *Xam-*inoculated and non-inoculated libraries.Supplementary Table 1Putative cassava ta-siRNAs.Supplementary Table 2Putative *Arabidopsis* ta-siRNAs.Supplementary Table 3Putative cassava *cis*-NAT loci.
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![***TAS3* is conserved in cassava A.** Alignment between *A. thaliana TAS3* and *M. esculenta TAS3* (54% identity). **B.** sRNA reads mapped to *M. esculenta TAS3*. **C.** sRNA reads mapped to *A. thaliana TAS3*. Sense and antisense reads are shown in gray and antisense reads in green. Arrows indicate cleavage site by miR-390.](gr1){#f0005}

![**Bacteria-repressed ta-siRNA loci in cassava** sRNA mapping to new cassava TAs loci are shown for both *Xam-*inoculated and non-inoculated libraries, for significantly-repressed loci Cass_tas31 (**A**), Cass_tas28 (**B**) and Cass_tas14 (**C**), respectively. Sense reads are shown in light gray and antisense reads are shown in black. Arrows indicate cleavage site by the corresponding miRNA. Lines indicate clusters of phased-siRNAs. NRC stands for normalized read counts here.](gr2){#f0050}

![**Bacteria-induced ta-siRNA loci in cassava** sRNA mapping to new cassava TAs loci are shown for both *Xam-*inoculated and non-inoculated libraries, for significantly-induced loci Cass_tas42 (**A**) and Cass_tas02 (**B**). Sense reads are shown in light gray and antisense reads are shown in black. Arrows indicate cleavage site by the corresponding miRNA. Lines indicate clusters of phased-siRNAs. NRC stands for normalized read counts here.](gr3){#f0015}

![**Representative cassava *cis*-NAT loci** Figure shows sRNA reads mapped to three representative *cis*-NAT loci. **A.** Cass-*cis*-nat01 comprises genes cassava4.1_017958m and cassava4.1_029112m. **B.** Cass\_*cis*-nat03 comprises genes cassava4.1_024489m.g and cassava4.1_033317m.g. **C.** Cass\_*cis*-nat04 comprises genes cassava4.1_019051m.g and cassava4.1_020662m.g. Small box indicates overlapping region between the two genes. NRC stands for normalized read counts here. Large boxes indicate the regions comprising the genes in the NAT loci, on the sense (upper box) and antisense (lower box) strand. Sense reads are shown in light gray and antisense reads are shown in black.](gr4){#f0020}
